The Café Wall pattern is composed of rows of alternating light and dark tiles, and alternate rows are shifted by a 1/4 cycle. The rows of tiles are separated by narrow horizontal mortar lines whose luminance is between that of the dark and light tiles. Although the mortar lines are physically parallel, they are perceived to be tilted, which is known as the Café Wall illusion. In this study, we implemented an energy-based model to encode orientation to estimate the strength of the Café Wall illusion and found that the estimated orientation depends on the spatial frequency to which each orientation-encoding unit is tuned. The estimation of mortar-line orientation from an orientation-encoding unit tuned to lower spatial frequency was greater than that from unit tuned to higher spatial frequency. We assume that the perceived mortar-line orientation is the result of an integration of responses from the orientation-encoding units tuned to various spatial frequencies. This leads to the prediction that under viewing conditions in which responses from orientation-encoding units tuned to higher spatial frequency are presumably weakened, the strength of the Café Wall illusion increases. Consistent with this prediction, we found that the Café Wall illusion is stronger when the Café Wall image is presented at the periphery or observed under low luminance levels. On the other hand, the weighted averaging of the estimated mortar orientations across spatial frequencies overestimates the perceived orientation of the mortar lines. This suggests that the final percept of the Café Wall illusion could be determined by some kind of non-linear interaction, such as an inhibitory interaction, between orientation-encoding units.
Introduction
In geometrical illusions, the perceived orientation of contours often deviates from what it really is (e.g., Gregory, 1968; Rock, 1986) . The Café Wall illusion is a well-known geometrical illusion.
The Café Wall pattern ( Figure 1A ) is composed of rows of alternating light and dark tiles, and the rows are shifted by a 1/4 cycle. The rows of tiles are separated by narrow horizontal mortar lines whose luminance is between that of the dark and light tiles. Although the mortar lines are physically parallel, they are perceived to be tilted (Gregory, 1972; Gregory & Heard, 1979) . The Café Wall pattern is a spatial frequency decrease as the eccentricity increases or average luminance decreases. In the second part of this paper, we describe psychophysical experiments in which we examined those two effects on the perception of the Café Wall image. We systematically varied the eccentricity and the average luminance levels, and found that the illusion is greater when the Café Wall image is presented at the periphery or observed under low luminance levels. These psychophysical characteristics are explained by assuming that the final percept of the Café Wall illusion is determined by an integration of signals from orientation-encoding units having different spatial frequency selectivity.
Outline of the orientation energy model
In the orientation energy model implemented here, the outputs from the four spatially oriented linear filters that have a quadrature relationship (The spatial phase difference between two adjacent filters is 90°) are squared and summed to give the square of local energy. Energy-based models can predict many of the physiological and psychophysical responses to various image features, including orientation, motion, texture, and stereoscopic depth (e.g., Adelson & Bergen, 1985; Anzai, Ohzawa & Freeman, 1999; Bergen & Landy, 1991; Carandini, Heeger & Movshon, 1997; Emerson, Bergen & Adelson, 1992; Heeger, 1992; Malik & Perona, 1990; Morrone & Burr, 1988; Pollen & Ronner, 1983; Ohzawa, DeAngelis & Freeman, 1990; Watson & Ahumada, 1985) . The quadrature phase relationship between the four liner filters used in the model is adopted from an energy model of the complex cell in V1 (e.g., DeAngelis & Anzai, 2004; Heeger, 1992) . In the Discussion part, we describe an additional simulation in which a single filter, not four, was applied to the Café Wall image.
The two of the spatial impulse response functions are the two-dimensional even-symmetric or odd-symmetric Gabor functions that constitute a quadrature pair. The phase of the other two filters are the sign-inverted version of each Gabor filter. The Gabor function, a one-dimensional cosine-wave tapered by a two-dimensional Gaussian, has been shown to be a good approximation of the receptive field of a simple cell in the striate cortex (Daugman, 1985; De Valois & De Valois, 1988; Field & Tolhurst, 1986) . The two-dimensional Gabor filter is defined as where the (x,y) specifies the spatial position and (x', y') are coordinates rotated by angle θ. The standard deviation of the Gaussian function σ and the wavelength λ determine the size of the filter and the filter's preferred spatial frequency (1/λ), respectively. The phase ϕ was varied from 0 to 3π/2 in π/2 steps; thus, adjacent filters are in quadrature relationship. The Gabor filter was represented on a field of 512 × 512 pixels, the same size as the input Café Wall.
We prepared 36 units tuned for orientation (θ ) in 5° increments to cover the whole orientation range. As mentioned above, each orientation selective unit is composed of four linear filters with a different phase to constitute an energy detecting mechanism. Several examples of x-y images of the Gabor filter are shown in Figures 2 and 3. The half-amplitude orientation bandwidth of each filter computed at their Fourier-transformed response was 30°, which roughly corresponds to the psychophysical measurement by Phillips and Wilson (1984) .
Center spatial frequencies (1/λ) of the filters were set from 1.0 to 16.0 cycles per degree (c/deg), assuming that the input Cafe Wall image shown in Figure 2 has the same spatial scale as that used in the psychophysical experiments described later (4° × 4°). The standard deviation (σ) in Equation 1 was obtained by the following equation (Kuruizinga & Petkov, 1999; Petkov & Kruizinga, 1997) . The half-amplitude bandwidth B of the spatial frequency was set to 1.2 octaves, which roughly corresponds to the average striate cell's tuning width (De Valois, Albrecht, & Thorell, 1982) and the psychophysical data (Wilson, McFarlane, & Phillips, 1983) . To extract the specific orientation energy involved in the input image I(x,y), the four spatial filters are convolved with the input image (a Café Wall image) and their outputs are squared and summed at each point of the input image. If orientation energy exists at a particular spatial position of the input image, a response appears at that point. Thus, the response E(x,y) from a Gabor filter G(x,y) at each point in the input image is defined as follows.
The subscript on G(x,y) specifies the phase (ϕ) of the Gabor filter. E(x,y) was calculated in the frequency domain.
In this simulation, different estimated orientations of a mortar line (strength of the Café Wall illusion) are obtained across spatial frequency to which each orientation-encoding unit is tuned. In the next section, we describe how those estimated mortar-line orientations depend on the spatial frequency to which each orientation-encoding unit is tuned. Since a perceived mortar-line orientation in the Café Wall image is unique, we should incorporate an integration process that combines responses from orientation-encoding units tuned to various spatial frequencies. In the Discussion part of the Experiment section and in the General Discussion part, we describe our attempt to examine a weighted averaging of the estimated orientation across spatial frequency as a possible integration process and to match the estimated value to the psychophysical data.
Estimation of perceived orientation in the Café Wall figure
To estimate the perceived orientation of the mortar lines, we calculated the orientation energy E(x,y) by the model described above (Equation 3). (Gregory & Heard, 1979) . The orientation of each mortar line is perceived to deviate from horizontal. The first and the third mortar lines, whose position is shown by black arrows, are perceived to tilt from lower left to upper right. The second mortar line, whose position is shown by the gray arrow, is perceived to tilt from upper left to lower right. A schematic description of the perceived orientation in the illusion is shown in the first row (For clarity, the amount of tilt is exaggerated). Two-dimensional Gabor filters G(x,y) are shown schematically in their preferred orientations of 90° (vertical), +10°, and -10°. The plus value indicates the horizontal grating rotates counterclockwise, and the negative value indicates the horizontal grating rotates clockwise from horizontal. Assuming that the Café Wall image in Figure 2 has the same spatial scale as that used in the psychophysical experiments, the spatial frequency components of each image can be represented in cycles per degree. Then, the center spatial frequency of each Gabor filter corresponds to 3.0 c/deg. When the filter orientation was vertical (90°), a strong response (light-shaded region in the output image) was mainly seen at the both side of the vertical edges composed of the light and dark tiles.
It should be noted that strong responses were equally observed at two different types of edges: one formed by a light tile on the left and a dark tile on the right, and the other formed in the opposite way.
The orientation energy appeared in a phase-insensitive manner because of the energy calculation. The result shows that the orientation mechanism selective to vertical strongly responded to the vertical edges, not to the horizontal lines (the mortar lines).
When the filter orientation deviated ±10° from horizontal, the orientation energy response localized around the mortar lines. When the filter was tilted counterclockwise (+10°), a strong response was observed at the first and third mortar lines. However, when the filter was tilted clockwise (-10°), a strong response was observed at the middle mortar line. As shown at the top of Figure 2 , the first and third mortar lines are perceived to be tilted counterclockwise from horizontal, and the second mortar line is perceived to be tilted clockwise. Therefore, at the horizontal mortar lines, the energy of orientation deviates from horizontal, and the direction of the deviation corresponds to perception of the Café Wall illusion.
The unit tuned to +10° also responded to the middle mortar line, and the unit tuned to -10° was activated at the position of the first and third mortar lines, though the amount of the response was small. This is because the bandwidth of each orientation-selective unit computed at their Fourier-transformed response was 30°. Figure 3 shows the results of simulation using different orientation-encoding units whose preferred spatial frequency is 6.0 c/deg and preferred orientations are +5°, -5°, and 0°. An additional input image whose mortar lines are black was also used. As shown in the orientation energy E(x,y) for the two input Café Wall images, when the mortar has an average luminance, orientation energy was conspicuous at the first and third mortar lines when the unit tuned to +5° was used. However, strong energy extracted by the unit tuned to -5° appeared only at the middle mortar line. As in Figure 2 , the asymmetrical response of the orientation-encoding mechanism qualitatively corresponds to the perception of the orientation of the mortar lines. Outputs from the unit tuned to 0° (horizontal) indicate that horizontal orientation energy also exists at the three mortar lines. When the mortar lines were black, all three orientation-selective units elicited responses at the three mortar lines, and a large asymmetrical response distribution, as shown between units tuned to +5° and -5°, was no longer observed. 1 Next, we describe how the perceived orientation of the mortar lines is uniquely decided from the outputs of units tuned to various orientations and spatial frequencies. To calculate the net orientation energy from each orientation-selective unit, the local energy E(x,y) distributed at a mortar line of the input Café Wall image was summed to induce a total energy TE(θ) at a mortar line. The assumption underlying this operation is that there is a mechanism that integrates the outputs from spatially local units to induce a global percept of orientation of mortar lines. The calculated TE(θ) was normalized by dividing the maximum TE(θ) found in the whole orientation range (θ=0° to 180°) to unity at each spatial frequency. The orientation energy decreased as the preferred orientation deviated from 0°. However, when the mortar luminance was the average of dark and light tiles (0.5, gray squares), the maximum energy was obtained from the unit whose preferred orientation was +10° ( Figure 4C ) or +5° ( Figure 4D ). Energy decreased as the preferred orientation deviated from +10° or +5°. Therefore, even though the gray mortar line is physically horizontal, the orientation energy is stronger at +10° or +5° than at 0° (horizontal).
To quantitatively estimate the perceived orientation of mortar lines, responses from neighboring orientation-selective units were interpolated with a Gaussian. By employing an interpolation, the accuracy of the estimation is expected to become better than the spacing between neighboring preferred orientations, 5° (Wilson, Ferrera & Yo,, 1992) . The smooth curves in Figures 4C and 4D show the results of the interpolation to estimate the perceived orientation of the mortar lines.
When the mortar lines had the average luminance (0.5), the estimated orientation was 13.3° in Figure   4C and 3.7° in Figure 4D . For the dark mortar line (0.1), the estimated orientation was 1.4° in Figure 4C and 0.3° in Figure 4D . The orientation energy model therefore predicts that a physically horizontal gray mortar line is perceived to be tilted, and it is perceived to be nearly horizontal when the luminance of the mortar line is 0.1.
The same procedure was repeated for various mortar luminances with different orientation-encoding units tuned to various spatial frequencies, and the results are shown in Figure 5 . In Figure 5 (A), the estimated perceived orientation of mortar lines for different preferred spatial frequencies of an orientation-encoding unit is plotted as a function of normalized mortar luminance. For each spatial frequency, the perceived orientation of the mortar line increased with increasing mortar line luminance until it reached the luminance of 0.5, the average of the luminance of the light and dark tiles. This is qualitatively consistent with previous psychophysical studies that showed the effect of mortar luminance on the strength of the Café Wall illusion (Gregory & Heard, 1979; Morgan & Moulden, 1986) . Figure 5B , the replot of the Figure 5A , represents the estimated orientation of mortar lines for different normalized mortar luminances as a function of spatial frequencies of an orientation-encoding unit. Figure 5B clearly shows that the estimated strength of Café Wall illusion decreases as the preferred spatial frequency of the orientation-encoding unit increases.
What we found from this simulation is that the estimated orientation depends not only on the mortar luminance but also on the preferred spatial frequency of orientation-encoding units. For example, when the orientation-encoding unit tuned to spatial frequency of 1.0 c/deg was usd, the estimated orientation was about 30° when the mortar luminance was 0.5, while it was less than 1° when the unit tuned to 12.0 c/deg was used at the same mortar luminance.
Discussion
There is no guarantee that the interpolation applied in Figure 4 is similar to neural operations by the human visual system. However, different algorithms from interpolation, such as a simple winner-takes-all algorithm, induce a qualitatively similar result as shown in Figure 5 . Thus, we can conclude that the lower the units' preferred spatial frequency, the larger the illusion, and the higher the units' preferred spatial frequency, the smaller the illusion. Similar dependence of estimated orientation on the spatial frequency of the applied filters has been reported by Morgan and Casco (1990) The energy model with four spatial filters having a quadrature relationship has been used to simulate a function of a complex cell in V1 (e.g., DeAngelis & Anzai, 2004; Heeger, 1992) . Recent studies, however, showed that the phase difference between adjacent simple cells is not strictly gathered around 90° or 180° (DeAngelis, Ghose, Ohzawa, & Freeman, 1999) . A psychophysical study found that the sensitivity to an odd-symmetric grating pattern decreased at the periphery faster than that to an even-symmetric grating pattern (Bennet & Banks, 1987) . This suggests that each element of the quadrature pair could be a different mechanism. In addition, Peli (2002) demonstrated that an in-phase (sinusoidal) Gabor filter is sufficient for detecting both bar and edge features in natural images. Those studies cast doubt on the biological plausibility of the idea of a strict quadrature relationship between adjacent simple cells in V1.
Thus, to clarify a role of the phase of the Gabor filters, we examined whether an energy model with a single filter having a fixed phase induces a similar prediction regarding perceived orientation of a mortar line as that shown in Figure 5B . The phase of the Gabor filter was even-symmetric (ϕ = 0 in Equation 1) or odd-symmetric (ϕ = π/2 in Equation 1). We examined two mortar luminances (average or black). Figure 7 shows the estimated orientation of mortar lines as a function of normalized mortar luminance. The data from the quadrature filter condition in Figure 7 is reploted from Figure 5B . The results show that there are no significant differences between the three filter conditions, which suggest that a quadrature pair is not necessary for the estimation of orientation of mortar lines of the Café Wall figure.
Since one's perceived orientation of the mortar line is unique, the various outputs from orientation-encoding units tuned to different spatial frequencies in Figure 5 must be integrated to induce a unique solution. In Figure 5 , the maximum expected strength of the Café Wall illusion is larger than 20° when the mortar luminance is the average of that of the dark and light tiles. However, previous studies that measured the perceived orientation of mortar lines of Café Wall figures did not show such a large degree of orientation (e.g., Gregory & Heard, 1979 ) (Our psychophysical measurement, described below, showed about 3°). Since the estimated orientation is greater when the orientation-encoding units' preferred spatial frequency is lower ( Figure 5B ), signals from the orientation-encoding units tuned to lower spatial frequencies should be weakened to reduce the estimated mortar-line orientation to a degree that matches our perception by some form of (weighted) averaging of responses from orientation-encoding units tuned to different spatial frequencies, or by an inhibitory process from orientation-encoding units tuned to higher spatial frequencies to that tuned to lower spatial frequencies.
An interesting prediction can be made from this speculation: the strength of Cafe Wall illusion could increase when the signal from the orientation-encoding units tuned to higher spatial frequencies weakens.
The contrast sensitivity as a function of spatial frequency shows a band-pass shape at the fovea, in which the sensitivity to middle spatial frequency is the highest. However, when a pattern is displayed at the periphery, it is well known that visual sensitivity to higher spatial frequencies decreases (Barten, 1999; Kelly, 1984; Robson & Graham, 1981; Rovamo, et al, 1978) . As a result, the peak sensitivity shifts to lower spatial frequency, and the cut-off spatial frequency decreases.
Visual sensitivity also differs under different adaptation levels (the average luminance level of the display an observer is viewing), from photopic to mesopic to scotopic levels. A contrast sensitivity function is band-pass at photopic levels. As the average luminance level decreases, the peak sensitivity shifts to lower spatial frequency, and the cut-off spatial frequency decreases. (De Valois et al, 1974; De Valois & De Valois, 1988; Savage & Banks, 1992; van Nes et al, 1967) .
Thus, it is predicted that the strength of the Café Wall illusion could increase under peripheral viewing or under low luminance levels if the strength of the illusion is determined by an integration of signals from orientation-encoding units tuned to various spatial frequencies. To confirm this prediction, we conducted a series of psychophysical experiments to examine the effect of eccentricity and the average luminance on the strength of the illusion, which, as far as we know, has not been examined before.
In addition, to examine the relationship between the strength of the Café Wall illusion and the spatial contrast sensitivity, we also measured the detection threshold contrast of a Gabor pattern having various spatial frequencies.
Experiment

Method Participants
The author and four naïve subjects participated in the orientation judgment experiments of a mortar line of the Café Wall figure. The author and the same three naïve subjects except one participated in the detection experiment of a Gabor pattern. Subjects other than the author were unaware of the purpose and ongoing results of the experiment. All of them had normal or corrected-to-normal vision.
Apparatus
Stimuli were generated on a PC with a VSG 2/4 (Cambridge Research Systems) and displayed on 21-in RGB flat monitors (SONY GDM-F520) (We used two monitors set side by side to display the stimulus at the periphery). The spatial resolution of the monitor was 1024 × 768 pixels, and the number of intensity levels available for each pixel was set to 15 bits. The monitor was calibrated with a TOPCON BM-5A luminance colorimeter, and its output was linearized (gamma corrected) under software control. Subjects observed the display monocularly from a distance of 57 cm with head position maintained by chin and head rests. In the experiment in which the average luminance level was varied, subjects observed the display through a 2-mm artificial pupil. The room was darkened and light shielded, with no other source of illumination present.
Stimuli
The Café Wall image (4° × 4°) consisted of four rows of tiles and five mortar lines. One row contained six tiles. The mortar width was 1.0 min, which induces a strong illusion (Earle & Maskell, 1993; Lulich & Stevens, 1989; Gregory & Heard, 1979) In the second experiment, the effect of the mean luminance on the Café Wall illusion was examined. The Café Wall images were the same as in the first experiment, except that they were always displayed at the center of the display. The mean luminance level of the display was varied by placing neutral density filters just distal to the artificial pupil. The adapting levels varied from 1.8 to −1.2 log photopic trolands (log Tp) in four steps, which covers photopic to mesopic levels. 
Procedure
We used a two-alternative temporal forced-choice procedure to estimate the perceived mortar-line orientation. In the first interval, the Café Wall image (standard stimulus) was displayed; in the second interval, a white straight line of 4.0° of length (comparison stimulus) was displayed on the gray background (The luminance was 20 cd/m 2 when the ND filter was not used). The line was anti-aliased to remove the jaggedness inherent in computer graphics displays (Tanner et al, 1989) . Each interval was presented for 2.0 seconds, and the two intervals were separated by a 0.5-second gray blank field. The onset of each interval was marked by an auditory cue. A small fixation cross (1° × 1°) was presented at the center of the display for 500 ms before the onset of each interval, and subjects were instructed to fixate on the center of the display during each trial. The comparison stimulus (anti-aliased line) was always presented at the center of display, regardless of whether the standard stimulus (Cafe Wall image) was displayed at the fovea or periphery. When the Cafe Wall image was presented at the periphery, a small cross was always presented at the center of the display to maintain the subjects' fixation.
The subjects' task was to judge the orientation of the second mortar line of the Café Wall
image. An adaptive staircase algorithm was used to measure the point of subjective equality (PSE) of the orientation of the standard stimulus (Café Wall figure) and the comparison stimulus (anti-aliased line) by changing the physical orientation of the comparison stimulus from trial to trial. When the comparison stimulus was judged to be more oriented than the standard stimulus, a decrement (to horizontal) in the orientation of the comparison stimulus followed; when the comparison stimulus was judged larger in orientation than the standard stimulus, its orientation was then increased. The size of the orientation increments or decrements decreased as the staircase depth increased, being 0.4 log unit in the beginning and falling to a terminal value of 0.1 log unit. The PSE for a given staircase run was computed as the mean of the orientations of the final six out of twenty turning points. This provided an estimate of the perceived orientation of the mortar line in the Café Wall image. Each data point was calculated from eight staircase runs.
To prevent adaptation to a specific configuration, two staircases, in which two types of positional relationship between the light and the dark tiles (whether the light tile is on the left or right of the dark tile) were used, were interleaved in a single session. In the first experiment, different experimental blocks were run for each eccentricity, and in the second experiment, different experimental blocks were run for each average luminance levels.
In the Gabor pattern detection task, we used a two-alternative temporal forced-choice procedure. In one of two intervals, the Gabor pattern was appeared for 2.0 seconds; in the other interval, only the blank field was displayed. The two intervals were separated by a 0.5-second blank field, and the onset of each interval was marked by an auditory cue. The subject, by pressing one of two buttons, indicated which interval contained the Gabor pattern. No feedback was given. The Michelson contrast of the Gabor pattern was varied using a staircase algorithm designed to converge to a 79% correct level (Levitt, 1971) . Contrast was decreased after three consecutive correct responses and increased after one wrong response. The size of the contrast increments or decrements decreased as the staircase depth increased, being 0.4 log unit in the beginning and falling to a terminal value of 0.1 log unit. The threshold for a given staircase run was computed as the mean of the contrasts of the final six out of nine turning points. Five staircases were run to determine each threshold. To prevent adaptation to a specific configuration, two staircases, in which two types of spatial frequencies were used, were interleaved in a single session. Similar measurements were made for each subject at each eccentricity and adapting level in different sessions. Figure 8 shows the results of the first experiment, in which the effect of eccentricity was examined. The perceived orientation of the mortar lines is plotted as a function of normalized mortar luminance. Three eccentricity conditions (0.0°, 4.5°, and 9.0°) were examined. The perceived orientation increased as the mortar luminance increased, and the strength of illusion reached 3.0° at the fovea when the mortar luminance was the average of that of the light and dark tiles (the normalized mortar luminance is 0.5). The illusion disappeared completely when the color of the mortar line was black (the normalized mortar luminance was 0.0). The strength of the illusion under foveal viewing is comparable to that measured previously by Gregory and Heard (1979) at high contrast (94%) between light and dark tiles. Though we did not examined mortar luminance larger than the average luminance of the tiles, a previous study has shown that the strength of the illusion is maximum at the average luminance and decreases as the mortar luminance increases (Gregory & Heard, 1979) . Our preliminary observation confirmed their conclusion.
Results
Figure 8 also shows the results when the Café Wall image was displayed at the periphery. As the distance between the image and the fixation point increase from 4.5° to 9.0°, the strength of the illusion increased more rapidly as the mortar luminance increased than when the Café Wall image was presented at the fovea. When the mortar luminance was the average of the light and dark tile (0.5), the perceived orientation of the mortar lines reached 4.6° when the Café Wall image was displayed at 4.5° eccentricity, and it reached 7.2° when the image was presented at 9.0° eccentricity. When the mortar luminance was darker than the average (0.5), the strength of the illusion was also larger when the image was displayed at periphery. Figure 9 shows the perceived orientation of the mortar line as a function of normalized mortar luminance for four different average luminance conditions. The Café Wall image was displayed at the fovea. When the average luminance was 1.8 log Tp (photopic level, the average luminance of the background was 20 cd/m 2 ), the result is comparable to the data obtained under the foveal presentation condition in Figure 8 . However, as the average luminance decreased from 1.8 log Tp to -1.2 log Tp (mesopic level), the perceived orientation of the mortar line increased rapidly. When the average luminance was -1.2 log Tp, the perceived orientation of the mortar line was about 5.1° at the mortar luminance of 0.5, which is larger than the illusion obtained at the photopic conditions (1.8 log Tp in Figure 9 or the foveal presentation condition in Figure 8 ). When the mortar luminance was darker than the average (0.5), the strength of illusion was also larger when the image was observed at low luminance levels.
In summary, we found that the Café Wall illusion is stronger at the periphery (at least up to 9.0°) or under low average luminance levels (at least down to the mesopic level). Figure 10 shows the contrast sensitivity (a reciprocal of luminance contrast at detection threshold) to a Gabor pattern observed at different eccentricities (A) or under different adapting levels (C) as a function of spatial frequency. We confirmed the well-known characteristics that the peak sensitivity and the cut-off spatial frequency shifts to lower spatial frequencies as the eccentricity increases or the adapting level decreases (e.g, Barten, 1999) . To estimate the cut-off spatial frequency at each viewing condition from the data, we fitted the function proposed by Wilson & Giese (1977) (The smooth curves in Figures 10A and 10C) . 2 The estimated cut-off spatial frequencies from Figure 10A are shown in Figure 10B . Figure 10D shows the estimated cut-off spatial frequencies from Figure 10C . The cut-off spatial frequency decreased as the eccentricity increased or the adapting level decreased. In the following discussion, we use the estimated cut-off spatial frequencies to quantitatively predict the strength of the Café Wall illusion (Figure 11 ).
Discussion
As described in the previous section, since one's perceived orientation of the mortar line is unique, the responses from orientation-encoding units tuned to different spatial frequencies should be combined to induce a unique solution. How the information obtained from multi-scale spatial filtering is combined is a challenging problem, and to date many different algorithms have been proposed (e.g., Freeman & Adelson, 1991; Georgeson & Meese, 1997; Marr & Hildreth,1980; Marr, 1982; Morrone & Burr, 1988; Peli, 2002; Watt & Morgan, 1985; Watt, 1990) .
In this section, we have attempted to examine whether a simple computation such as a weighted averaging can quantitatively predict the psychophysically measured perceived mortar-line orientation shown in Figures 8 and 9 . We found that a simple weighted averaging overestimates the strength of the Café Wall illusion. We averaged the estimated mortar orientation across the spatial frequencies shown in Figure 5A to induce a single estimation of mortar orientation at each mortar luminance. Since the estimated mortar orientation was nearly zero when the preferred spatial frequency was higher than 16 c/deg (Figure 5 ), we did not include the estimated mortar orientation obtained from the orientation-encoding units tuned to spatial frequencies higher than 16 c/deg in the averaging.
Weighting across spatial frequency is a power function with a slope of 0.1, which was proposed by Blakeslee and McCourt (2004) based on the suprathreshold contrast sensitivity measurement by Georgeson and Sullivan (1975) . We chose this function because the Café Wall illusion is a suprathreshold phenomenon.
In addition, the mortar orientations in Figure 5A obtained at spatial frequency greater than the cut-off spatial frequencies estimated at each viewing condition ( Figures 10B and 10D ) are omitted from the averaging, since such high spatial frequency information is not supposed to be available to the visual system. For example, to predict the perceived mortar-line orientation when the average luminance is -1.2 log Tp, mortar orientations obtained at the preferred spatial frequency smaller than 6 c/deg are averaged, since our contrast measurement shows that patterns having the spatial frequency larger than 6 c/deg are not expected to be detected ( Figure 10D ). Figure 11 ). Since the cut-off spatial frequency is larger than 16 c/deg at the average luminance of 1.8 and 0.8 log Tp (Figure 10D ), the calculated mortar orientations are the same at those two conditions ( Figure 11B ). The results of the weighted averaging capture the effect of eccentricity and the average luminance qualitatively on the perception of the Café Wall illusion. However, the results also clearly show that the weighted average overestimates the perceived mortar-line orientation at every mortar luminance. Thus, the above procedure is not enough to quantitatively predict the mortar-line orientation.
To resolve this problem, averaging with more complicated weighting functions might be needed. For example, a weighting function that enhances signals from orientation-encoding units tuned to higher spatial frequencies may reduce the estimated orientation of the mortar lines to a degree that matches our perception, since the estimated orientation from the orientation-encoding units tuned to lower spatial frequencies are far greater than the psychophysically measured orientation. We discuss this matter in the next section.
General discussion
Summary of results
In this study, we implemented the currently prevailing energy-based orientation-encoding model to estimate the strength of the Café Wall illusion. We found that the estimated orientation of mortar lines of the Café Wall image depends not only on the mortar luminance but also on the preferred spatial frequency of orientation-encoding units. When the preferred spatial frequency is lower, the estimated orientation is greater at any mortar luminance. This leads to the prediction that the strength of the Café Wall illusion increases when the signals from orientation-encoding units tuned to higher spatial frequencies are weakened. In subsequent psychophysical experiments, we systematically varied the eccentricity and the average luminance levels and measured the effects of these two viewing conditions on the perception of the Café Wall illusion. Consistent with our prediction, we found that the illusion is stronger when the Café Wall image is presented at the periphery or is observed under mesopic vision than when it is observed at the fovea or under photopic vision.
Possible mechanism
The maximum perceived orientation of mortar lines in the Café Wall image at the fovea under photopic vision is around 3.0° (Figures 8 and 9 ), while the maximum predicted orientation varied from about 0° to 30° depending on the preferred spatial frequency of the orientation-encoding units at mortar luminance of 0.5 ( Figure 5 ). Thus, if we assume that the results of our simulation ( Figure 5 ) represent the strength of the Café Wall illusion at the fovea under photopic vision (a typical observation condition),
there should be an integration of signals from orientation-encoding units tuned to different spatial frequencies. As shown in Figure 11 , averaging with a specific weighting across spatial frequencies overestimates the strength of the Café Wall illusion. This suggests that other types of weighting functions are needed in order to quantitatively predict the Café Wall illusion. As described above, one candidate is a weighting function that enhances signals from orientation-encoding units tuned to higher spatial frequencies. This kind of weighting function could be induced by assuming a non-linear interaction, such as an inhibition from orientation-encoding units tuned to higher spatial frequency to that tuned to lower spatial frequency. In fact, there is considerable psychophysical and physiological evidence showing that there are significant inhibitory interactions among channels tuned to different spatial frequencies (e.g., Bauman and Bonds, 1991; De Valois, 1977; De Valois & Tootell, 1983; Heeger, 1992; Nachmias et al, 1973; Nestares & Heeger, 1997; Tolhurst, 1972). For example, De Valois and Tootell (1983) found that the response of simple cells in cat striate cortex is inhibited by the addition of a high spatial frequency component. Functionally, an interaction can be formalized by way of normalization at the integration stage. Further research is needed to clarify which model is more appropriate.
Integration of local energy
Though mortar lines in the Café Wall figure are perceived to be globally tilted, each orientation-encoding unit (Figure 2 ) used in our model is spatially localized. This points to existence of some mechanisms that integrate the outputs from spatially local operators to induce a global percept. In our model, the perceived orientation of the mortar lines was estimated by summing the orientation energy distributed at the positions of the mortar line in the output image (Figure 4 ). This kind of operation can be formalized as an integrator mechanism. For example, Morgan and Hotopf (1989) proposed "log-line detectors" that collect inputs from spatially localized orientation-selective detectors to account for the perceived tilt of Fraser's twisted cord (See also Tyler & Nakayama, 1984) . Instead of assuming an integrating mechanism, Stuart and Bossomaier (1992) suggested that synchrony in the firing rate of cells (e.g., Gray et al, 1989 ) is the key feature of integration for the global perception of orientation. Clarifying how the global percept of orientation is accomplished is a challenge for future research.
Reversed Café Wall illusion
When the mortar is wide (above 10 min arc or so), the so-called reversed Café Wall illusion, in which the perceived tilt of the mortar line is opposite to that of the standard Café Wall illusion, is perceived (Earle & Maskell, 1993; Lulich & Stevens, 1989) . It has been shown that reversed Fraser's twisted cords appear after band-pass filtering with the preferred spatial frequency of around 3 to 7 c/deg (Earle & Maskell, 1993) . Therefore, though we have not conducted a simulation in the present study, it is expected that if we use an input image with a wide mortar line, the Café Wall illusion will be reversed. Takeuchi When the mortar luminance is darker than the dark tiles, the strength of the Café Wall illusion is greatly reduced. 
Spatiotemporal Café Wall illusion
